The aims of the study were to investigate the differences in kinematics and kinetics between the dominant and nondominant leg during single-leg jumps without arm swing, and to determine the relationship between bilateral asymmetry in isokinetic knee strength and the single-leg jump. Isokinetic knee strength and singleleg jump kinematics and kinetics were measured in 11 male participants. The bilateral asymmetry index was calculated for each parameter. For isokinetic knee strength, there were no significant differences between the dominant and nondominant legs. Significant correlations were observed for the bilateral asymmetry index for isokinetic knee strength at 180 degrees per second and the bilateral asymmetry indexes for maximum flexion angle and the mean knee joint torque during the single-leg jumps. In conclusion, the findings of the current study suggest an association between knee strength imbalances and the joint angle, as well as the torque produced in single-leg jumps, although no relationship between knee strength and jump height was observed.
The single-leg jump is used as a clinical tool to evaluate functional recovery and, for example after anterior cruciate ligament injury. 1, 2 Previous studies investigating the single-leg jump have examined reliability, 3 ground reaction force, [4] [5] [6] joint kinematic 5, 6 and joint kinetics. 5 In the joint kinematics and kinetics study, although a difference in jump height between the dominant leg and nondominant leg was observed, there were no bilateral differences in the joint kinematics and kinetics of single-leg jump with arm swing. 5 Because the action of arm swinging during vertical jumps has been shown to increase the peak force generated 7 and the work of the lower extremities, 8 arm swing could influence jump performance. However, the overall contribution of the arm swing to single-leg jump performance, and specifically whether the arm swing was bilaterally equal or unequal, was not taken into account. 5 Therefore the result of this previous study may not accurately reflect the extent to which each joint contributes to jump performance. Therefore it is important that research be performed examining single-leg jumping without arm swing. We have speculated that without arm swing a bilateral difference in joint kinematics and kinetics during the single-leg jump may result in bilateral differences in jump height because a higher jump would require more joint contribution than a lower jump.
The isokinetic strength test is also used as a functional test to examine unilateral strength imbalances. [9] [10] [11] [12] [13] [14] However, it is a single-joint test in contrast to the singleleg jump that examines the function of a combination of joints. Therefore, there are two methods for assessing bilateral lower extremity asymmetry: a single joint test using isokinetic knee strength and multijoint test using single-leg jumps.
Bilateral differences in isokinetic knee strength have been reported and are associated with increased injury risk. [9] [10] [11] 13 Therefore it would be useful for injury prevention if bilateral differences in joint kinematics and kinetics of the single-leg jumps could be used to predict bilateral differences in isokinetic knee strength. Even if a multijoint test such as the single-leg jumps was used, it may also be possible to predict the strength of a single joint using jump height. However these relationships remain still unclear.
In this study, the aims were to determine 1) we aimed to determine differences whether there were differences between the dominant leg and nondominant leg in the performance of during a single-leg jump without arm swing; 2) whether there were bilateral differences between An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH isokinetic knee strength and; 3) whether there were any associations between the isokinetic and single-leg jump variables. It was hypothesized that bilateral differences in joint kinematics and kinetics during the single-leg jump would be associated with bilateral differences in jump height. It was also hypothesized that bilateral differences in joint kinematics and kinetics during the single-leg jump would be associated with bilateral difference in isokinetic knee strength.
Methods

Participants
Eleven healthy, physically active, male students (age, 23 ± 1 years; stature, 1.738 ± 0.06 m; mass, 65.5 ± 5.0 kg) participated in this study, according to the guidelines of the Ethics Committee for Human Experiments, Japan Institute of Sports Sciences, and their written informed consent was obtained.
Procedures
Isokinetic flexion and extension strength of the knee joint was measured at 60 degrees per second (°·s -1 ) and 180°·s -1 using a dynamometer (Biodex System3, New York, USA). Participants were was seated on the dynamometer with the torso, pelvis, and thigh stabilized using several straps around the chest, thigh, and waist according to the manufacturer's protocol. The lever arm of the dynamometer was aligned with the lateral epicondyle of the knee, with the knee flexed to 90°. The chair was adjusted for each subject to allow for proper positioning. Knee range of motion during the test was fixed from 90° to 0°. The gravitational factor of the dynamometer's lever arm and lower leg (shank and foot) was calculated by the dynamometer and automatically compensated for during the tests. Participants were familiarized with the dynamometer at the test velocity through the performance of five submaximal repetitions. Three repetitions of extension and flexion at each angular velocity, with a 2-min rest period between sets, were performed. Verbal encouragement was given during the test. Peak torque was recorded for each repetition and the largest value over the three repetitions was used for statistical analysis. These same protocol was performed for both legs. All trials were randomized with respect to angular velocity and leg.
Single-leg jumps were performed on each leg using the following technique. We instructed participants to keep their hands on their hips to prevent momentum being generated by the use of the upper limbs. We also instructed them to jump vertically with maximal effort and to land in the same posture as takeoff. Figure 1 shows the single-leg jump sequence.
A Kistler 9287B force platform (Kistler, Winterthur, Switzerland) was used to measure the vertical ground reaction force at 1080 Hz during the single-leg jumps. Each participant's jump height (H) was calculated from the flight time (T f ) using data derived from the force platform and gravitational acceleration (g) as follows:
In accordance with a previous study, 5 the leg with highest jump was defined as dominant leg and with the other regarded as the nondominant leg.
Reflective markers were placed on anatomical landmarks (second metatarsal head, lateral malleolus, heel, lateral aspect of the knee joint, greater trochanter, anterior superior iliac spine and posterior superior iliac spine). This enabled the lower body to be modeled as a linked chain from the pelvis, through the thigh and shank, to the foot. Movements of the participants during jumps were recorded using a 12-camera motion analysis system (Vicon, Oxford, UK) at 120 Hz and synchronized with the force platform data. High-frequency noise was removed with a fourth-order, recursive low-pass Butterworth filter (cutoff frequency: kinematics = 10 Hz, kinetics = 15 Hz). 5 No data interpolation was performed.
Data Calculation
Sagittal plane kinematics and kinetics at the ankle, knee and hip were calculated for each jump trial by the inverse dynamics approach applied in Vicon's Plug-InGait software. Joint angles were termed flexion angles. Joint torques were normalized to the body mass of each participant and expressed as extensor torque.
The analytical period (termed the propulsion phase 5 ) was determined from the time that vertical ground reaction force exceeded body weight toward the end of the countermovement until the time when vertical ground reaction force dropped to zero. Peak and mean vertical ground reaction force (normalized to body mass); maximum flexion angles and peak or mean torques at the hip; knee and ankle joints were averaged across two jumps and used for statistical analysis.
Statistical Analyses
All statistical analyses were performed using a statistical software package (SPSS for Windows version 16.0, SPSS Inc., Chicago, USA). For the isokinetic strength and single-leg jump data, paired t tests were used to determine differences between the dominant and nondominant legs. The criterion for significance was set at P < .05. The effect size of each comparison was determined by Cohen's d. 15 Effect sizes were defined as small (d ≤ 0.2), medium (0.2 < d < 0.8), and large (d ≥ 0.8).
To evaluate the magnitude of bilateral asymmetry between dominant leg and nondominant leg, the bilateral asymmetry index was calculated as follows:
We adapted the index from a previous study. 16 We then calculated the Pearson's correlation coefficient between the bilateral asymmetry index for isokinetic knee strength and for the single-leg jumps. The criterion for significance was set at P < .05.
Results
For the isokinetic knee strength test there were no significant difference between the dominant and nondominant leg at either 60°·s -1 or 180°·s -1 for flexion and extension (Table 1 ).
Bilateral differences in specific biomechanical parameters during the single-leg jump coincided with bilateral difference in jump height ( Table 2 ). The jump height was significantly greater in the dominant compared with the nondominant leg. Seven participants were right leg-dominant and four were left leg-dominant. For hip joints, the mean extensor torque generated during the single-leg jumps was greater for the dominant compared with the nondominant leg. However, there were no significant differences between dominant leg and nondominant legs in the mean joint torque produced at the knee and ankle. For peak torque at each joint, no significant differences were observed between the dominant and nondominant legs.
Significant correlations were observed between bilateral asymmetry index for isokinetic knee strength and the bilateral asymmetry indexes for specific biomechanical parameters in the single-leg jumps (Table 3) . Specifically the bilateral asymmetry index for isokinetic knee strength at 180°·s -1 was positively correlated with the bilateral asymmetry index for the maximum flexion angle and the mean knee joint torque during single leg jumps (Figure 2 ). There were no further correlations between the various parameters ( Table 3) .
Discussion
The main findings of this study were firstly, that a significant bilateral difference was detected in the hip joint torque during the single-leg jumps and secondly, significant correlations were found between the bilateral asymmetry index isokinetic knee strength at 180°·s -1 and the bilateral asymmetry indexes for the maximum flexion angle as well as the mean knee joint torque during the single-leg jumps. There was no significant difference between the dominant and nondominant leg for isokinetic knee strength. In addition, there were no significant differences in the maximum flexion angle and ground reaction forces between the dominant and nondominant legs. Upon examination of the individual data, differences in the isokinetic knee strength ranged from -0.32 Nm·kg -1 to +0.90 Nm·kg -1 . However, this difference was not significantly different for group mean data. This finding may have been related factor such as the influence of the right vs. the left side; for example, a preferred side for the single-leg jump 17 as well as the influence of injured or uninjured. 11 These previous studies reported mixed results relating to isokinetic knee strength, specifically, significant bilateral differences under all conditions 17 or some conditions. 11 In the current study, it is possible that one participant generating a larger torque in their dominant leg while another participant generating more torque in their nondominant leg. Such a result may have prevented the occurrence of bilateral differences. In the current study, because the dominant leg was defined as the leg with which one could jump higher, our results suggest that the leg associated with greater jump height in the single-leg jump was not necessarily the leg exhibiting the greatest isokinetic knee strength.
In the current study, the mean difference in the jump height between the dominant and nondominant leg was 2.2 cm, which is similar to the absolute differences (2.8 cm) reported in a previous study, 5 despite different participants and methods (volleyball players, with arm swing, jump height recorded by hand touch). The percentage difference in the jump height in the current study may have been larger than the previous study, 5 because the mean jump heights for the previous study for the dominant and nondominant leg were 32.8 cm and 30.0 cm, respectively, compare with 19.2 cm and 17.0 cm in the current study. In previous studies, a significant difference between dominant and nondominant leg was observed in peak vertical ground reaction force was observed for male volleyball Note. Data are means (SD). Significantly different between dominant leg and nondominant leg (*P < .05, ***P < .001).
players 5 and in both peak and mean vertical ground reaction force for female softball players. 4 However, in the current study as well as the study on male volleyball players, 5 no significant differences were observed between the dominant and nondominant legs in either peak or mean vertical ground reaction force. Because Newton et al (2006) defined the dominant leg as 'the side for kicking a ball' we could not compare our results with their study. In the current study no significant difference was found in the maximal joint angle between dominant and nondominant legs. This was also found in the study on male volleyball players. 5 These results indicate that neither ground reaction force nor the joint angle is predictive factors for the laterality of jump height. No significant differences were found in the mean joint torque produced at the knee and ankle between the dominant and nondominant legs. However mean extensor torque generated during the single-leg jumps was significantly greater in the dominant leg compare with the nondominant leg at the hip. Because multiple joint movement may allow participants to use intralimb substitution, which shifts the effort from a targeted muscle group to another muscle group, 18 some participants may generate stronger torque at the knee joint, while for others it may be the ankle joint. In addition, because the dominant leg was defined as the leg with which one could jump higher, these results suggest that hip joint torque is related to bilateral asymmetry in jump height during single-leg jumps. Our results disagree with the previous study 5 that, did not show any significant differences in joint torque. However, the authors of the study suggested that the hip joint torque may have become significance if the number of participants was increased to improve the statistical power. 5 In our participants, the mechanism explaining the higher jump height in the dominant leg may be related to the hip joint torque. Because a bilateral difference was observed in the mean hip joint torque only, greater total work may have been developed at the hip joint in the dominant leg. This may have explain why the jump performance in the dominant leg exceeded the nondominant leg. Previous investigations have also suggested the importance of the hip when jumping. Researchers found that the greatest contributor to jump performance was the hip, followed by the knee and ankle. 19 In another study, the percentage contributions of the ankle, knee and hip, were 28%, 29% and 43%, respectively for a higher jumping group and 28%, 31% and 41%, respectively for a lower jump group. 20 In addition, it was found that the contribution to jump height made by the ankle and knee joints remained largely unchanged as jump height increased and that superior performance in the vertical jump was achieved by greater effort of the hip extensor muscles. 21 Similarly to the current study, these previous investigations suggested that a greater jump height was associated with a larger hip joint torque.
The study on female softball players 4 showed a significant relationship between vertical ground reaction force and knee strength. The findings of these authors suggested that there was no relationship between jump performance and bilateral asymmetry in kinematics and kinetics during single-leg jumps. In contrast, significant correlations was observed between the bilateral asymmetry index for isokinetic knee strength at 180°·s -1 and the bilateral asymmetry indexes for the maximum flexion angle and the mean knee joint torque during the singleleg jumps in the current study. These results suggested that bilateral asymmetry in knee strength was related to bilateral asymmetry in knee kinematics and kinetics during single-leg jumps.
Although a significant bilateral difference was detected in hip joint torque, isokinetic hip strength was not measured in the current study. Based on these finding a relationship may exist between single-leg jump performance and hip strength. In addition, anthropometric information and the joint flexibility of our participants could have affected the findings of the current study. However, because these parameters were not measured, the impact of these factors is unclear.
In conclusion, the findings of the current study suggest associations of imbalances in knee strength with knee joint angle and torque in single-leg jumps. However, no relationship between knee strength and jump height was observed. When using single-leg jumps to evaluate leg strength in the clinical field, clinicians should recognize and pay attention to the contribution of the hip joint to jump performance. Note. Significant correlation between bilateral asymmetry index for biomechanical parameters during single leg jump and that for isokinetic knee strength (*P < .05, **P < .01).
